Several studies have demonstrated that NF-κB activation is common in lung cancer; however, the mechanistic links between NF-κB signaling and tumorigenesis remain to be fully elucidated.
INTRODUCTION
Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that is mutated in approximately 15% of lung adenocarcinomas. 1, 2 Mutations in EGFR destabilize the autoinhibitory conformation of the kinase domain, 3 resulting in constitutive EGFR kinase activation as well as constitutive activation of downstream pathways, such as PI3K, MAPK, and JAK/STAT. Targeted therapies, such as tyrosine kinase inhibitors (TKIs), have been developed to treat lung cancer patients with EGFR-mutant tumors. However, these therapies have not significantly impacted overall patient survival because the tumors develop resistance, most commonly through the EGFR T790M mutation. 4, 5 This lack of effective therapy for long-term survival demonstrates the need for identification of new pathways that can be targeted alone or in combination with current treatment methods.
NF-κB is a transcription factor family that regulates genes involved in a variety of processes, including cytokines, chemokines, receptors, adhesion molecules, and enzymes, as well as cell cycle, apoptosis, and survival regulators. NF-κB family members exist as dimers sequestered in the cytoplasm by inhibitor molecules or IκBs. When the pathway is activated, IκBs are phosphorylated and undergo rapid degradation by the proteasome, releasing NF-κB dimers to translocate into the nucleus and bind enhancer motifs found in the promoters and introns of target genes. NF-κB can be activated through either the classical or alternative pathways. Classical NF-κB signaling is associated with nuclear localization of a heterodimer consisting of p65 and p50, while alternative NF-κB pathway signaling involves p52 and RelB.
In lung cancer, NF-κB activation is associated with a poor prognosis. 6 High levels of nuclear p65 have been observed in lung cancer specimens relative to normal tissue, with increasing levels of nuclear p65 in advanced stage adenocarcinomas. 7 Lung adenocarcinoma Downloaded by [Monash University Library] at 18:50 13 April 2016 precursor lesions also have increased nuclear p65 staining that progresses in intensity with increasing histological severity, 7, 8 suggesting that NF-κB signaling is activated early in tumor formation. NF-κB activation in lung tumors is associated with mutations in common lung cancer driver genes, including KRAS and EGFR. 7 In KRAS-mediated lung tumorigenesis, as well as in mouse models of chemical carcinogen-induced lung cancer, NF-κB plays an important role in tumorigenesis. [9] [10] [11] [12] EGFR signaling is known to activate NF-κB in a variety of tumor types, 13, 14 and NF-κB signaling has been shown to facilitate resistance to EGFR inhibitor therapies in lung cancer. [15] [16] [17] [18] However, the importance of the NF-κB pathway during oncogenic EGFR-driven lung tumorigenesis has not been examined.
To investigate the role of NF-κB signaling in EGFR-mutant lung tumors, we inhibited NF-κB signaling in mouse models of lung tumorigenesis by inducible expression of a dominant NF-κB inhibitor in the same epithelial cell population that expressed mutant EGFR. In the setting of NF-κB inhibition, we observed a dramatic reduction in lung tumor formation and a decrease in lung inflammation without changes in EGFR-regulated downstream signaling pathways.
Together, these studies demonstrate that NF-κB-dependent signaling is important for generating a pro-tumorigenic inflammatory microenvironment in EGFR-mutant tumors.
RESULTS

Inhibition of epithelial NF-κB signaling reduces EGFR L858R -mediated tumorigenesis
To investigate the requirement for epithelial NF-κB signaling in EGFR-driven lung tumor formation, we developed a model in which NF-κB signaling could be inhibited in vivo specifically in airway epithelial cells expressing oncogenic EGFR. In this model, transgenic mice harbor a doxycycline (dox)-inducible human EGFR L858R construct and the Clara cell secretory protein (CCSP) promoter-driven reverse tetracycline transactivator (CCSP-rtTA; tet-O-Downloaded by [Monash University Library] at 18:50 13 April 2016 EGFR L858R ) so that EGFR L858R is expressed specifically in the airway epithelium when given dox (designated EGFR L858R mice). 19 To inhibit epithelial NF-κB signaling in the lungs of these mice, EGFR L858R mice were mated to transgenic mice that express a dox-inducible dominant negative IκBα (DN-IκB). 20 This DN-IκB is unable to be phosphorylated and degraded, thereby blocking translocation of the NF-κB heterodimers into the nucleus and preventing target gene transcription. Upon dox administration, these triple transgenic mice (designated EGFR L858R DN-IκB mice) express EGFR L858R with simultaneous inhibition of NF-κB signaling in airway epithelial cells.
To assess the effect of NF-κB inhibition on EGFR-mediated tumor formation, mice were administered dox for 5 weeks, and tumor burden was assessed by histological scoring of lung sections. After 5 weeks of dox treatment, EGFR L858R DN-IκB mice demonstrated a marked decrease in lung tumor burden compared to EGFR L858R mice ( Fig. 1A, 1B ). In addition, fewer tumors were observed on computed tomography (CT) scan images from EGFR L858R DN-IκB mice compared to EGFR L858R mice (Fig. 1C ). Transgene expression was validated in these mice using reverse transcriptase PCR (RT-PCR) to measure expression of human EGFR L858R as well as DN-IκB in the lungs of mice administered dox for 5 weeks (Fig. 1D ). To further investigate the impact of reduced tumor formation in EGFR L858R DN-IκB mice, we performed a survival analysis, which revealed that EGFR L858R DN-IκB mice had significantly prolonged survival compared to EGFR L858R mice following dox treatment ( Fig. 1E ). To validate these findings using a different method of NF-κB inhibition, we employed BAY 11-7082, an inhibitor of IκBα phosphorylation. 21 EGFR L858R mice received intraperitoneal (IP) injections of BAY 11-7082 or vehicle control from the time of dox initiation. After 6 weeks of dox administration, BAY 11-7082 treatment led to a significant reduction in tumor burden ( Fig. 1F ). Together, these data show that epithelial NF-κB inhibition can reduce tumor burden and prolong survival, implicating epithelial NF-κB signaling as a critical factor for EGFR-mediated tumorigenesis.
Epithelial NF-κB inhibition does not affect epithelial cell survival or activation of EGFRregulated signaling pathways
To investigate the function of epithelial NF-κB signaling in lung tumors, we tested whether NF-κB inhibition results in apoptosis of lung epithelial cells expressing oncogenic EGFR. In in vitro studies, we transfected wild-type (WT) and EGFR L858R -expressing immortalized human bronchial epithelial cells 22, 23 with control empty vector (EV) or a myctagged DN-IκB expression vector and isolated nuclear and cytoplasmic protein extracts.
Successful transfection was verified by western blotting for the myc-tagged transgene ( Fig. 2A ).
Reduced nuclear p65 was observed in DN-IκB-transfected cells, indicating reduced NF-κB activation ( Fig. 2A ). However, no change in cell survival or increase in cleaved caspase-3 was observed as a result of NF-κB inhibition ( Fig. 2A) . In vivo, we assessed cleaved caspase-3 by western blotting lysates from an enriched lung epithelial cell population generated from lungs of EGFR L858R and EGFR L858R DN-IκB mice administered dox for 5 weeks. Similar to in vitro studies, no differences in cleaved caspase-3 were detected (data not shown). In addition, we performed TUNEL staining on lung sections from EGFR L858R and EGFR L858R DN-IκB mice treated with dox for 2 weeks (prior to appearance of tumors) and 5 weeks (when tumors were present). We observed no increase in TUNEL-positive cells in the lungs of EGFR L858R DN-IκB lungs compared to EGFR L858R at either time point (data not shown), suggesting that NF-κB activity is not required for survival of EGFR L858R -expressing cells.
We also assessed activation of key EGFR-regulated downstream signaling pathways in the setting of NF-κB inhibition in vitro and in vivo. For in vitro measurements, we analyzed Akt, 7 ERK, and STAT3 phosphorylation in lysates from WT and EGFR L858R -expressing immortalized human bronchial epithelial cells with and without NF-κB inhibition by western blotting. Phosphorylated STAT3 was below the level of detection, and no differences in Akt or ERK phosphorylation were observed ( Fig. 2B ). Akt, ERK, and STAT3 signaling were also assessed in vivo by immunostaining on lung sections from EGFR L858R and EGFR L858R DN-IκB mice treated with dox for 5 weeks, but minimal phosphorylated Akt, ERK, and STAT3 was detected in both groups of mice. Western blots were performed using whole lung lysates obtained from EGFR L858R and EGFR L858R DN-IκB mice treated with dox for 2 weeks as well as enriched lung epithelial cell lysates generated from mice administered dox for 5 weeks revealing no changes in Akt, ERK, or STAT3 phosphorylation as a result of NF-κB inhibition ( 
NF-κB inhibition reduces macrophage and neutrophil influx into the lungs of mice expressing mutant EGFR
Since NF-κB is a central mediator of the inflammatory response, we next evaluated the effects of NF-κB inhibition on inflammatory cell recruitment in the lungs of mice expressing mutant EGFR. Total inflammatory cells were counted in bronchoalveolar lavages (BAL) from EGFR L858R , EGFR L858R DN-IκB, DN-IκB (CCSP-rtTA; tet-O-IκBα-DN), and WT mice treated with dox for 2 or 5 weeks. Prior to tumor formation, a ≥3-fold increase in BAL inflammatory cells was observed in EGFR L858R mice administered dox for 2 weeks compared to control groups, and this inflammatory cell influx was not present in EGFR L858R DN-IκB mice (Fig. 3A) . When tumors were present at 5 weeks of dox treatment, a ≥10-fold increase in inflammatory cells was observed in EGFR L858R mice compared to control groups (Fig. 3A ). This dramatic increase was abrogated by inhibition of NF-κB in the epithelium. Together, these data suggest that epithelial NF-κB signaling is important for recruiting inflammatory cells in this model, even prior to tumor formation.
To identify inflammatory cell subpopulations altered as a result of epithelial NF-κB inhibition, we performed CD68 immunostaining and quantified CD68+ macrophages on lung sections from EGFR L858R and EGFR L858R DN-IκB mice treated with dox for 2 weeks or 5 weeks.
At both time points, lungs from EGFR L858R DN-IκB mice contained fewer macrophages compared to EGFR L858R mice ( Fig. 3B , C). To analyze changes in other lung inflammatory cell populations, we performed flow cytometry on lung single cell suspensions generated from EGFR L858R , EGFR L858R DN-IκB, DN-IκB, and WT mice. In mice administered dox for 5 weeks, NF-κB inhibition led to reduced neutrophils (CD45+CD11b+Ly6G+) in the lungs ( Fig. 3D ) but no differences in T lymphocyte populations ( Fig. 3E ). Together, these data demonstrate that NF-κB inhibition results in reduced neutrophils when tumors are present and reduced macrophages throughout tumorigenesis.
NF-κB inhibition decreases lung tumors in mice expressing a TKI-resistant EGFR mutation
To assess whether epithelial NF-κB inhibition affects lung tumor burden and inflammatory cell numbers in a TKI-resistant model of EGFR-mediated tumorigenesis, we used transgenic mice with dox-inducible expression of human EGFR L858R+T790M (CCSP-rtTA; tet-O-EGFR L858R+T790M ). Similar to the EGFR L858R model, these mice express EGFR L858R+T790M in the airway epithelium when given dox (designated EGFR L/T mice). However, the presence of the T790M mutation renders tumors in these mice insensitive to treatment with first generation TKIs erlotinib and gefitinib. 24 To inhibit epithelial NF-κB signaling in the lungs of these mice, EGFR L/T mice were mated to transgenic DN-IκB mice (designated EGFR L/T DN-IκB).
To determine the effect of epithelial NF-κB inhibition on EGFR TKI-resistant EGFR L/T tumors, mice were treated with dox for 8 weeks, and tumor burden was assessed histologically. Similar to the EGFR L858R model, EGFR L/T DN-IκB mice demonstrated a dramatic reduction in lung tumor burden compared to EGFR L/T mice ( Fig. 4A-B ). RT-PCR for EGFR transgene expression verified that EGFR L/T DN-IκB mice expressed the EGFR transgene after 8 weeks of dox administration (Fig. 4C ). In addition to decreased tumor burden, EGFR L/T DN-IκB mice had significantly fewer inflammatory cells in BAL ( Fig. 4D ). Inflammatory cell subpopulations were analyzed on BAL cytospins as well as by CD68 staining for macrophages on lung sections from EGFR L/T and EGFR L/T DN-IκB mice, revealing a significant reduction in macrophages and neutrophils when NF-κB signaling was inhibited ( Fig. 4E-G) . These data were consistent with our findings in the EGFR L858R model and suggest that epithelial NF-κB signaling functions similarly in EGFR TKI-sensitive and TKI-resistant tumors.
NF-κB signaling promotes macrophage and neutrophil chemotaxis
To investigate whether epithelial NF-κB inhibition affects macrophage and neutrophil recruitment to the lungs, we measured chemotaxis induced by BAL fluid or lung lysates using a modified Boyden chamber assay. Significantly more neutrophils migrated toward BAL fluid from EGFR L858R mice than BAL fluid from EGFR L858R DN-IκB mice (Fig. 5A ). To identify NF-κB-regulated mediator(s) responsible for neutrophil chemotaxis in the setting of EGFR-mutant lung tumors, we measured mRNA expression of neutrophil chemokines by quantitative real-time PCR in lungs of mice treated with dox for 5 weeks, the time point at which we observed a significant difference in lung neutrophil numbers between EGFR L858R and EGFR L858R DN-IκB mice. KC and MIP-2 mRNA levels were reduced in EGFR L858R DN-IκB lungs compared to EGFR L858R (Fig 5B) . KC and MIP-2 protein was also reduced in BAL from EGFR L858R and Downloaded by [Monash University Library] at 18:50 13 April 2016 EGFR L858R DN-IκB mice ( Fig. 5C ), suggesting that NF-κB signaling promotes neutrophil migration to the lungs through regulation of CXC chemokines.
Similarly, more macrophages migrated toward lung lysates from EGFR L858R mice than from EGFR L858R DN-IκB mice (Fig. 5D ). By quantitative real-time PCR, we measured mRNA expression of the macrophage chemokine CCL2 and M-CSF, but neither of these factors was significantly reduced in lungs of EGFR L858R DN-IκB mice after 2 weeks of dox treatment (Fig.   5E ). To look more broadly for differences in potential macrophage chemotactic factors, we analyzed protein expression of a panel of inflammatory mediators (including known macrophage chemoattractants) in lung lysates from EGFR L858R and EGFR L858R DN-IκB mice treated with dox for 2 weeks or 5 weeks by protein array (Fig. 5F and data not shown). However, we observed no significant reduction in any of these factors in EGFR L858R DN-IκB mice, suggesting that nontraditional or non-protein mediators may impact macrophage migration in this model.
Macrophages promote EGFR-mediated tumorigenesis
In both TKI-sensitive and resistant models of EGFR-mediated lung tumorigenesis, we identified increased neutrophils and macrophages in the lungs, and those inflammatory cell types were reduced in the setting of NF-κB inhibition, suggesting the importance of these cells for EGFR-driven lung cancer. Therefore, we next investigated whether neutrophils and/or macrophages contribute to EGFR-mediated tumorigenesis. To determine whether neutrophils play a role in tumorigenesis in EGFR L858R mice, we used Ly6G antibodies to deplete neutrophils throughout tumorigenesis. Ly6G depletion antibodies or IgG isotype control antibodies were administered by IP injection to EGFR L858R mice. Neutrophil depletion was verified by counting neutrophils in peripheral blood smears as well as by flow cytometry for neutrophils in lung single cell suspensions from mice on dox for 5 weeks (Fig. 6A-B) . Even though we observed successful neutrophil depletion, no difference in tumor burden was identified between EGFR L858R mice receiving Ly6G depletion antibodies and mice receiving isotype control antibodies (Fig. 6C) . These data indicate that neutrophils are not a critical cell type required for EGFR-mediated tumor formation in this model and suggest that neutrophils are not the primary cell type through which epithelial NF-κB signaling impacts tumorigenesis.
To test whether NF-κB-dependent recruitment of macrophages to the lungs is important for EGFR-mutant tumors, we depleted alveolar macrophages. Using a protocol that we previously developed, 25, 26 macrophages were depleted by repeated dosing of liposomal clodronate, which causes selective macrophage apoptosis. Liposomal clodronate or control PBS liposomes were delivered intratracheally (IT) to EGFR L858R mice weekly, beginning 3 days prior to starting dox treatment. CD68 immunostaining was performed on lung sections from mice treated with dox for 5 weeks, verifying macrophage depletion (Fig. 6D ). After 5 weeks of dox administration, tumor burden was significantly reduced in EGFR L858R mice administered IT liposomal clodronate when compared to mice receiving PBS liposomes (Fig. 6E) , indicating that recruitment of macrophages is important for EGFR-mediated tumor formation.
To investigate the mechanism by which macrophages promote EGFR-mediated lung tumorigenesis, we measured expression of macrophage mediators by quantitative real-time PCR in a macrophage-enriched cell population generated from lungs of EGFR L858R and EGFR L858R DN-IκB mice administered dox for 2 weeks. No difference in expression of the angiogenic factor VEGF or growth factors HGF or IGF-1 were observed ( Fig. 7A-C) , and EGF was below the limit of detection. We also measured expression of M1 macrophage markers iNOS, IFNγ, IL-6, and IL-12p35 and found increased expression of iNOS and IFNγ in cells from EGFR L858R DN-IκB mice; however, this was not accompanied by reduced expression of M2 markers Arg1, Fizz1, Ym1, and IL-10, which were similar in both groups (IL-12p35 and Arg1 expression was below the limit of detection) ( Fig. 7D-I) . Although the implications of increased M1 marker expression in EGFR L858R DN-IκB macrophages are not entirely clear, this finding may provide a clue regarding differential functions of macrophages in EGFR L858R and EGFR L858R DN-IκB mice.
DISCUSSION
These studies demonstrate that epithelial NF-κB signaling promotes lung tumorigenesis, through recruitment and/or activation of macrophages. In transgenic mouse models of EGFR TKIsensitive and TKI-resistant lung tumorigenesis, epithelial NF-κB inhibition reduced tumor burden; however, NF-κB inhibition did not affect survival of EGFR-mutant airway epithelial cells or alter activation of known EGFR-mediated signaling pathways. Instead, in the settings of both TKI-sensitive and TKI-resistant lung tumors, epithelial NF-κB signaling was important for recruiting inflammatory cells to the lung, namely macrophages and neutrophils. In additional studies, we observed that neutrophil depletion did not impact EGFR-mediated tumorigenesis, but macrophage depletion resulted in a reduction in tumor burden. Taken together, these data suggest that classical NF-κB signaling functions primarily in a non-cell autonomous manner to promote EGFR-mediated lung tumorigenesis.
NF-κB is one of several potential mechanisms proposed to be important for mediating TKI resistance, which develops over time in almost all lung cancers. [14] [15] [16] [17] [18] 27 De, et al.
demonstrated that stimulation of NF-κB signaling in vitro enhanced resistance of lung cancer cells to erlotinib treatment. 14 Furthermore, NF-κB inhibition in conjunction with erlotinib treatment has been shown to promote apoptosis of erlotinib-resistant lung cancer cells in vitro and reduce tumor growth in xenograft models. 15, 17 More recently, NF-κB activation was shown to drive resistance to a mutant-selective EGFR inhibitor in T790M mutant cells. 16 While these prior studies indicate that NF-κB signaling supports resistance of EGFR-mutant tumors to TKIs, our findings indicate that NF-κB signaling plays a broader role in EGFR-driven lung carcinogenesis.
Inflammation has been linked to cancer promotion through two pathways: the extrinsic pathway, characterized by a pre-existing inflammatory condition, and the intrinsic pathway, driven by oncogenic mutations that lead to an inflammatory response. 28 In our transgenic mouse models, expression of oncogenic EGFR in the lungs leads to a significant intrinsic inflammatory response that is dependent upon NF-κB signaling. Similarly, transgenic mice with expression of oncogenic KRAS also exhibit an inflammatory influx characterized by increased macrophages and neutrophils. 29 Oncogenic KRAS has been shown to activate NF-κB signaling, 12 and NF-κB inhibition in KRAS-mutant tumors reduces tumor burden, 11, 12 suggesting that NF-κB signaling functions analogously to promote intrinsic inflammation in both EGFR-and KRAS-mutant lung tumors.
We observed no effect on survival of EGFR-mutant tumor cells as a result of NF-κB inhibition, yet in other models of lung cancer, canonical NF-κB signaling has been implicated in cell survival. In mouse models of urethane-induced and KRAS-driven lung cancers, inhibition of canonical NF-κB increased apoptosis and/or reduced epithelial cell proliferation, [10] [11] [12] 30 although whether these findings are a direct or indirect effect of NF-κB inhibition is unclear. Supporting our findings, others have reported that NF-κB inhibition did not affect proliferation of human lung cancer cell lines. 31 Our studies do not rule out a direct role for NF-κB signaling in the survival and proliferation of lung cancer cells, but instead suggest that induction of intrinsic inflammation may be the most important function of canonical NF-κB signaling in supporting EGFR-mutant tumors. However, when considering the translational importance of these findings it is important to keep in mind that mouse models with widespread over-expression of oncogenic EGFR (or KRAS) in the lungs may result in more exuberant inflammation than occurs during lung cancer development in humans, thus potentially overestimating the importance of NF-κB induced inflammation for supporting tumorigenesis.
Even though we observed no effect on tumorigenesis after neutrophil depletion, neutrophils have been shown to contribute to carcinogenesis in other contexts. Neutrophils can produce a variety of growth factors, reactive oxygen species, and proteases that promote tumor angiogenesis, proliferation, and invasion, 32 and NF-κB signaling in tumors has been shown to regulate expression of chemokines leading to neutrophil recruitment. 33 In human lung cancer, neutrophil influx is associated with a poor prognosis, 34 and in a transgenic mouse model of KRAS-driven lung cancer, depletion of neutrophil elastase caused significantly fewer lung tumors due to reduced tumor cell proliferation. 35 While we saw enhanced neutrophil recruitment in our EGFR-driven lung cancer models, this increase in neutrophils was modest compared to the increase in macrophages and was only observed at later time points, suggesting that the contributions of the neutrophils to lung tumorigenesis may have been overshadowed by the protumorigenic effect of the macrophage influx.
Our findings indicate that epithelial NF-κB signaling recruits macrophages to promote lung carcinogenesis and suggest that therapeutic targeting of macrophages should be explored in EGFR-mutant lung cancer. Because macrophages can promote tumors through a variety of mechanisms, a diverse array of strategies are being explored to therapeutically target them. The major approach has focused on preventing macrophage recruitment by inhibiting the M-CSF receptor or CCL2 signaling. 36 However, in our studies, we did not measure significant differences in M-CSF or CCL2, suggesting a different mediator may be the dominant macrophage chemotactic factor in our model. Whether these inhibitors would reduce macrophage recruitment and consequently tumor burden in EGFR-driven pre-clinical models or in patients with EGFR-mutant lung cancer is uncertain. In addition to M-CSF and CCL2, NF-κB regulates a variety of other chemokines that promote macrophage recruitment, but we did not observe changes in known macrophage chemokines upon NF-κB inhibition. Although it is possible that novel protein mediators induce macrophage recruitment in our models, we speculate that non-protein mediators may account for the NF-κB-dependent influx of macrophages in mice expressing mutant EGFR. Future studies to identify the NF-κB-regulated mechanism of macrophage recruitment in the EGFR L858R and EGFR L/T lung cancer models may reveal additional potential therapeutic targets for development of novel treatment strategies for patients with EGFR-mutant lung cancers.
MATERIALS AND METHODS
Animal models
All animal care and experimental procedures were approved and conducted according to administering dox at a concentration of 0.5 g/L for EGFR L858R experiments or 1 g/L for EGFR L/T experiments in 2% sucrose drinking water, and water was replaced twice weekly.
For tissue harvest, lungs were lavaged as previously described, 9 and the left lung was tied off and frozen. The right lung was perfused and fixed by inflating with 10% neutral-buffered formalin. Total and differential BAL cell counts were determined as previously described. 10 For survival analysis, EGFR L858R and EGFR L858R DN-IκB mice were weighed on the day of dox initiation and at least twice weekly. Twenty percent weight loss was considered a mortality endpoint at which time mice were euthanized.
Tumor histological analysis
Hematoxylin and eosin staining was performed on 5 µm sections for quantification of tumor burden. Three sections were analyzed per mouse, and each section was separated by 50 µm. For EGFR L858R tumor analysis, twenty non-overlapping 20x fields were scored on each section based on lesion formation using a scale of 0 to 4 (0 = normal, 1 = <10% of alveoli have hyperplastic proliferative lesions, 2 = 10-50% of alveoli with proliferative lesions, 3 = <50% of alveoli with proliferative lesions, 4 = formation of tumor focus). For EGFR L858R+T790M tumor analysis, tumor area was measured and normalized to total lung area using Image-Pro Plus software (Media Cybernetics).
Immunostaining
For CD68 immunostaining, lung sections were stained with a CD68 antibody (ab125212; Abcam), and positive cells were enumerated on twenty 40x fields. Mean scores were calculated for each animal.
CT imaging
CT images were acquired using a Bioscan NanoSPECT/CT system. All imaging was performed by the Vanderbilt University Institute of Imaging Science.
Cell lines
HBEC3-KT (WT) and HBEC3-KTGmSRZ (EGFR L858R -mutant) immortalized human bronchial epithelial cells 22, 23 (gifts from Dr. John Minna, The University of Texas Southwestern Medical Center) were maintained at 37ºC 5% CO 2 in Keratinocyte-SFM supplemented with epidermal growth factor 1-53 and bovine pituitary extract (Thermo Scientific). Cells were transfected with myc/His-IκB-DN pEF4 20 or empty vector pEF4 using Xfect transfection reagent (Clontech).
Epithelial/macrophage enrichment
Epithelial enrichment was performed using dispase and negative selection for leukocyte and monocyte populations as described by others. 38 Briefly, mice were euthanized, and the lungs were perfused with 10 mL of sterile saline. 3 mL of dispase (Invitrogen) was rapidly instilled into the trachea followed immediately by 0.5 mL of warm 1% low melting point agarose (Sigma). The chest cavity was filled with ice for 2 minutes to harden the agarose before the lungs were dissected out and incubated at room temperature in 2 mL of dispase for 45 minutes. Lungs were then placed in a culture dish containing media and 100 U/mL DNase I (Sigma) and teased apart. The tissue was filtered through a series of strainers to generate single cell suspensions, which were then placed on tissue culture plates coated in CD45 and CD32 antibodies (BD Biosciences). After incubation for 1 hour at 37ºC in 5% CO 2 , cells that remained in suspension were collected by centrifugation for immediate protein isolation as the epithelial-enriched fraction. mRNA was isolated from adherent cells as the macrophage-enriched fraction as described below.
RNA isolation, RT-PCR, and quantitative real-time PCR
Total mRNA was isolated from enriched cells and lung tissue using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. RT-PCR was performed to measure EGFR L858R and EGFR L/T expression as previously described. 19, 24 RT-PCR was also performed for expression was normalized to GAPDH. Threshold values greater than 33 were considered below the limit of detection.
Western blot analysis
Whole lung lysates were prepared using RIPA buffer, separated by SDS-PAGE gel, transferred to nitrocellulose membranes, and probed with the following antibodies: p-Akt 
Flow cytometry
Lung single-cell suspensions were generated and stained as previously described. 9, 26 To 
In vitro migration assays
Mouse bone marrow neutrophils were isolated from WT FVB mice as described by others. 42 Neutrophil chemotaxis was assessed using a modified Boyden chamber MBA 96 (Neuroprobe) with a 3 µm pore size polycarbonate filter. 43 Cell-free BAL supernatant was Mouse bone marrow-derived macrophages were isolated from WT mice (FVB background) and matured as described by others. 44 Macrophage chemotaxis was assessed as for neutrophils with a 5 µm pore size polycarbonate filter. 250 ug of whole lung lysates from 5 week dox EGFR L858R and EGFR L858R DN-IκB mice was diluted in DMEM supplemented with 1% FBS and placed in the bottom chamber as the chemoattractant. Each lysate was run in triplicate.
1.5x10 5 macrophages in DMEM supplemented with 1% FBS were loaded into the top chamber and incubated for 5.5 hours at 37ºC, 5% CO 2.
The trans-migrated cells were collected by centrifuging the 96 well plate, washed three times, and resuspended in 100 µL Hank's Balanced Salt Solution for neutrophils or 100 µL PBS for macrophages. 60 µL NAG solution (4mM NAG, 25mM citric acid, 25 mM sodium citrate, and 0.25% Triton X-100, pH 5.0) was added to each well and incubated overnight at room temperature in the dark. 100 µL stop solution (50 mM glycine and 5 mM EDTA, pH 10.4) was added to each well, and the absorbance was measured at 405 nM.
Neutrophil depletion
For neutrophil depletion experiments, mice received either 100 μg of anti-Ly6G antibodies (Clone 1A8, BioLegend) or IgG2a isotype control antibodies (BioLegend) by IP injection. Mice were injected on day 7, 9, 12, and 14 after dox initiation and twice weekly thereafter until they were sacrificed at day 35 of dox. Neutrophil depletion was confirmed by lung flow cytometry and Wright-Giemsa staining of peripheral blood smears.
Clodronate macrophage depletion
Clodronate (Sigma) or PBS-containing liposomes were prepared as previously described. 25 100 µL of clodronate or control PBS lipsomes was delivered IT 3 days prior to dox initiation, on the day of dox initiation, and weekly thereafter until mice were harvested at day 35 of dox. For liposome delivery, mice were anesthetized and intubated with a 1-mL syringe with a 6-mm-long, 22-gauge over-the-needle catheter (Abbocath-T; Venisystems). Macrophage depletion was confirmed by CD68 staining of lung sections.
BAY 11-7082 treatment
BAY 11-7082 (10 mg/kg body weight, Cayman Chemical) was delivered by IP injection twice weekly as described. 45 
Protein array
Whole lung lysates were prepared from EGFR L858R and EGFR L858R DN-IκB mice treated with dox for 2 weeks. To minimize the effects of mouse-to-mouse-variability, lysates were pooled from 3 mice for each sample, resulting in a total of 4 samples (2 EGFR L858R and 2 EGFR L858R DN-IκB). Cytokine expression was determined using the Mouse Inflammation Array 
ELISAs
KC and MIP-2 (R&D Systems) were measured in cell-free BAL supernatants. ELISAs were performed according to manufacturer's instructions.
Statistics
Data were analyzed using GraphPad Prism 5.0 software (GraphPad Software, Inc.).
Unpaired student t-tests were performed for comparisons between two groups. To analyze differences among more than two groups, one-way ANOVA followed by a Tukey's post-test was used. For the Kaplan-Meyer survival analysis, a log-rank test was employed. Values are presented as the mean ± SEM, and p≤0.05 was considered statistically significant. 
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